ABSTRACT: Injuries to the anterior cruciate ligament (ACL) frequently lead to early-onset osteoarthritis. Despite advancement in surgical techniques, ACL reconstruction has a limited ability to prevent these degenerative changes. While previous studies have investigated knee function after ACL reconstruction, in vivo investigations of the effects of graft placement on in vivo joint function and cartilage health are limited. This review presents a series of studies that used novel imaging and 3D modeling techniques to determine the in vivo placement of the ACL graft on the femur using two different ACL reconstruction techniques. These techniques resulted in two distinct graft placement groups: one where the ACL was placed anatomically near the center of the native ACL footprint and another where the graft was placed anteroproximally on the femur, centered outside the ACL footprint. We quantified the effects of graft placement on graft deformation during in vivo loading and how these variables affected knee motion. Finally, we quantified whether femoral placement of the graft affected cartilage thickness. Our results demonstrate that achieving anatomic graft placement on the femur is critical to restoring native ACL function and normal knee kinematics. Knees with grafts that more closely restored normal ACL function, and thus knee motion, experienced less focal cartilage thinning than did those that experienced abnormal knee motion. These results suggest that achieving anatomic graft placement is a critical factor in restoring normal knee motion and potentially slowing the development of degenerative changes after ACL reconstruction. ß
The anterior cruciate ligament (ACL) is one of the most commonly injured knee ligaments, with more than 400,000 injuries occurring annually in the United States.
1 ACL injuries are associated with pain, altered knee motion, meniscus injury, and early-onset osteoarthritis (OA). [2] [3] [4] [5] [6] [7] [8] [9] While ACL reconstruction has generally been successful in improving patient-reported outcomes and in returning athletes to sports, [10] [11] [12] long-term studies have reported a high incidence of joint degeneration after ACL reconstruction. 3, [13] [14] [15] [16] [17] [18] For example, previous work has indicated that 18% of patients had radiographic evidence of OA after only 5 years. 19 Others have reported OA in more than 50% of patients 12-13 years after surgery. 14, 17 Despite advances in reconstructive techniques, early-onset OA after ACL reconstruction remains a problem. 3, [13] [14] [15] [16] [17] [18] [20] [21] [22] [23] [24] Previous work suggests that altered knee motion plays an important role in early-onset OA after ACL injuries. [25] [26] [27] [28] [29] Several recent studies have indicated that ACL deficiency increases anterior translation, 26, 30, 31 medial translation, 26, 30 and internal rotation 2, 4, 26, 32 of the tibia relative to the femur under various in vivo loading conditions. Similarly, recent studies have hypothesized that reconstruction's inability to restore normal joint motion contributes to joint degeneration after surgery. 29, [33] [34] [35] A factor that potentially influences the ability of reconstruction to restore normal knee biomechanics is placement of the ACL graft. [36] [37] [38] [39] In particular, previous work suggests that non-anatomic placement of the graft on the femur may be a common problem in ACL reconstruction. [40] [41] [42] [43] [44] [45] Cadaveric studies suggest that graft placement closer to the anatomical footprint more closely reproduces native knee motion. [46] [47] [48] However, there is little data quantifying the influence of graft placement on in vivo knee function in response to physiological loading conditions.
The aim of this review is to present our results that directly address this lack of data. Our aims were: to determine the in vivo placement of the ACL graft on the femur, to determine how graft placement affected graft deformation and knee kinematics during in vivo weight bearing flexion, and to determine whether femoral graft placement affected cartilage thickness. Our results demonstrated that achieving anatomic graft placement on the femur is critical to restoring native ACL function and normal knee kinematics. Because patients in the anatomic placement group had less evidence of cartilage degeneration compared to the non-anatomic group, these results suggest that it may be possible to slow the progression of cartilage degeneration following ACL reconstruction.
In Vivo Measurement of ACL Graft Placement on the Femur 49
A 2009 study estimated that 90% of ACL reconstructions performed in the U.S. are performed transtibially, where the femoral tunnel is placed through the tibial tunnel. 50 Moreover, controversy remains as to the appropriate surgical technique to use in ACL reconstruction. 51 Recent studies suggest that some transtibial techniques have a limited ability to place the ACL graft anatomically on the femur due to constraints imposed by the tibial tunnel. 45, 49, 52 A cadaveric study from our laboratory indicated that the transtibial technique can result in grafts centered near the anteroproximal border of the native femoral ACL attachment site, while grafts placed independently of the tibial tunnel ( Fig. 1 ) resulted in more anatomic placement. 45 Despite recent interest in achieving anatomic graft placement, there is limited in vivo data on graft placement relative to the native ACL footprint. 49, 53 We recently developed a method to quantify graft placement in vivo using advanced MR imaging and 3D modeling techniques 49 so that graft placement could be determined relative to the ACL anatomy of the contralateral knee. Using this technique, we compared the femoral graft placement of a single-incision transtibial technique with that of a two-incision tibial tunnel-independent technique in patients. We hypothesized that the independent technique would allow for more anatomic placement of the femoral tunnel compared to the transtibial technique, as graft placement using the independent technique is not constrained by the position and orientation of the tibial tunnel.
Eight patients who had undergone unilateral transtibial ACL reconstruction (five men, three women; mean age: 35 years; range: 19-48 years) and eight patients with a tibial tunnel-independent reconstruction (five men, three women; mean age: 31 years; range: 19-43 years) were recruited for this study. All subjects were between 6 and 36 months after surgery, had a healthy contralateral knee, and were recruited sequentially from the clinical practice of two experienced orthopaedic surgeons at our institution. All patients were doing well clinically, and had returned to sports without restriction.
In the transtibial group, 49 the tibial tunnel was placed using a Concept Precision guide pin (ConMed Linvatec; Largo, FL). The guide was placed at approximately 57˚and 65˚in the sagittal and coronal planes, respectively. 49, 54, 55 The tibial tunnel passed through the anterior fibers of the MCL and was centered approximately 7 mm anterior to the PCL. A reamer equal in size to the graft diameter was used for each tibial tunnel. The tibial tunnel location was aimed to allow placement of a 7 mm offset guide at approximately the 1:30 position or the 10:30 position. A cannulated reamer was then passed through the tibial tunnel and over the guide pin to create the femoral socket. Notchplasty, when performed, was limited to the anterior portion of the notch and did not alter the femoral attachment site.
In the grafts placed using the independent technique, the location and shape of the ACL footprint was identified arthroscopically through the anteromedial and anterolateral portals. A guide pin was placed through the center of the tibial footprint of the ACL and a graft-size-appropriate cannulated reamer was used to create the tibial tunnel. Using the anteromedial portal, the femoral tunnel was placed by positioning the Retro-Drill guide (Arthrex; Naples, FL) near the center of the ACL footprint, as estimated visually by the surgeon. 45, 56 A guide-pin was placed from outside the joint through a small incision over the lateral femoral cortex just proximal to the lateral femoral condyle and anterior to the intermuscular septum. The guide pin was drilled through the femur to the tip of the aiming guide. 45, 49 The pin was threaded to allow the placement of a cutter of the appropriate size on the guide pin as it entered the joint through the femoral ACL footprint. The cutter was used to create a socket into the femur to the desired depth. No notchplasty was necessary.
At follow-up, each subject underwent 3T MR imaging (Siemens, Trio Tim; Malvern, PA) of both the injured and contralateral native knees (Fig. 2) . Sagittal, coronal, and axial plane images were acquired using a double-echo steady state sequence (DESS) with a field of view of 15 Â 15 cm, a matrix of 512 Â 512 pixels, and slice thickness of 1 mm (Flip angle: 25˚, TR: 17 ms, TE: 6 ms). The contours of each subject's femurs, normal ACL attachment sites, and apertures of the graft tunnels were traced within each MR image. These outlines were used to generate 3D models of both knees using solid modeling software. 49 The position and shape of the ACL and tunnels were cross-referenced and confirmed using the axial, sagittal, and coronal image sets to generate the 3D model of the joint. Next, all right knee models were mirrored and converted to left knees for analysis. An iterative closest point technique 49, 57 was used to align the two models to allow for the comparison of the tunnel placement relative to the native ACL. Previous Figure 1 . A two-incision technique was used to place the femoral guide pin transfemorally from the outside-in, independently of the tibial tunnel. In this tibial tunnel-independent technique, the guide was placed at the center of the anterior cruciate ligament (ACL), as judged visually by the surgeon. Adapted from Kaseta et al. 45 IN VIVO ACL GRAFT PLACEMENT validation indicates that this technique has an accuracy of 0.3 mm in measuring the centers of the ACL footprint and tunnels. 49, 58 The contralateral knee was used as a control because a high degree of bilateral symmetry in ACL geometry has been demonstrated in subjects with no history of knee injury. 53, 59 From these models, we calculated the distance between each tunnel site and the native ACL of the non-surgical limb using a coordinate system with an origin at the center of the native ACL.
The transtibial technique resulted in placement of the graft further from the center of the native ACL with greater variability compared to the tibial tunnelindependent technique. The tunnel center was an average of 9 mm from the center of the ACL attachment with the transtibial technique, whereas it was 3 mm with the tibial tunnel-independent technique (p < 0.05, Fig. 3 ). The transtibial technique resulted in a more anterior and superior placement of the tunnel (near the anteroproximal border of the ACL) than the tunnel-independent technique (p < 0.05).
Consistent with our cadaver model of femoral placement, 45 these findings suggest that the transtibial technique may place the ACL graft non-anatomically due to constraints imposed by the tibial tunnel. The advantage of our MR imaging technique is that graft placement is directly measured relative to the native ACL anatomy. CT techniques cannot directly visualize the ACL attachment and must rely on bony landmarks to determine placement. Our results indicate that using the transtibial technique may lead to an anteroproximal placement of the graft on the femur, resulting in a more vertical graft that is unable to restore the oblique orientation of the native ACL.
Effects of Femoral Graft Placement on In Vivo Graft Deformation 59
Our previous study identified two distinct graft placement groups: one with anatomical graft placement (using a tibial tunnel-independent technique), and one with anteroproximal placement on the femur (using a transtibial technique). 49 Having established these two different graft placements, we then investigated whether graft placement affected the graft's ability to restore orientation and length relative to the native ACL. 59 We hypothesized that anatomically placed grafts would more closely restore the function of the native ACL, while grafts placed anteroproximally on the femur would result in more vertical grafts. Such data is important because in order to reproduce the force vector of the native ACL, a graft should mimic both the orientation and length of the ACL during in vivo loading.
Twenty-two patients (16 men and six women, mean age: 31 years, range: 19-49 years) with unilateral ACL reconstruction were recruited from the clinics of two surgeons at the Duke University Sports Medicine Center. Patients were recruited retrospectively and were all within 6 and 36 months of surgery. Chart reviews were conducted to identify potential candidates meeting the recruitment criteria. Exclusion criteria included those with varus-valgus deformity, osteoarthritis, articular cartilage defects, meniscus injury, or any history of other trauma or surgery to either knee. Because isolated ACL tears are infrequent, 60 patients with minor tears of the meniscus (requiring removal of less than 10% of the meniscus) in the operative knee were included in the study. All patients completed the same 6-month rehabilitation protocol at the Duke University Sports Medicine Center, and had stable knees under Lachman and pivot shift examinations. At the time of the study, all patients were doing well and had returned to sports activity without restriction. All patients who met the recruitment criteria were sorted by operative date and invited in chronological order to participate.
Twelve patients (nine men, three women; mean age: 32 years; mean follow-up: 20 months) received a Figure 2 . High resolution MR images (left) of both the reconstructed and contralateral native knees were used to generate 3D models of both femurs for each patient. The two models were aligned using an iterative closest point technique, allowing for the comparison of the graft tunnel placement relative to the location of the contralateral native ACL attachment. As shown in two patients, the independent technique (middle) resulted in placement of the graft closer to the center of the ACL attachment site compared to the transtibial technique (right), which resulted in graft placement centered near the border of the native ACL. Reprinted with permission. 49 Figure 3. The mean position (mm, mean AE standard deviation) of the center of the tunnels using the transtibial and tibial tunnel-independent techniques relative to the center of the ACL (shown in pink). The transtibial technique resulted in grafts that were placed anterior and superior to the center of the native ACL attachment. The tibial tunnel-independent technique resulted in placement near the center of the native ACL attachment (S, superior; I, inferior; A, anterior; P, posterior). Reprinted with permission. 49 1162 DEFRATE transtibial reconstruction from a single surgeon while ten patients (seven men, three women; mean age: 30 years; mean follow-up: 18 months) received a tibial tunnel-independent reconstruction from another surgeon. 59 In the anteroproximal graft placement group, six patients received hamstring grafts (8-9 mm in diameter), while six had patellar tendon grafts (9-10 mm in diameter). Five patients had intact menisci and the remaining seven had tears requiring removal of less than 10% of the meniscus (five lateral and two medial). In the anatomic group, all patients received hamstrings grafts ranging from 7.5 to 9 mm in diameter. Four patients had intact menisci, and the remaining six had tears requiring removal of less than 10% of the meniscus (three lateral and three medial). Although graft types were not identical in the two groups, subgroup analyses did not detect any differences in the length and orientation of the patellar tendon and hamstrings grafts within the anteroproximal group.
As described in Section "In Vivo Measurement of ACL Graft Placement on the Femur," each subject underwent 3T MR imaging of both their injured and uninjured knees (Fig. 4) to make 3D models of both knees. Next, subjects were imaged using two orthogonally placed fluoroscopes (Pulsera, Philips; Amsterdam, The Netherlands) while performing a quasi-static lunge from 0˚to 90˚of knee flexion in increments of 15 (  Fig. 4) . 61, 62 The biplanar fluoroscopic images and 3D knee models were used to reproduce the in vivo motion of each subject's graft and native ACL (Fig. 4) using a model-based matching technique with an accuracy of 0.1 mm and 0.3˚. 26, 57 From these models, the elongation and coronal and sagittal plane orientation of the native ACL and graft were recorded (Fig. 5) .
In the sagittal plane, grafts placed anteroproximally on the femur were more vertically oriented than the native ACL from 0 to 60˚of flexion (p < 0.01, Fig. 6 ). In contrast, there were no statistically significant differences detected between grafts placed anatomically and the native ACL at any angle (p > 0.10). At full extension, the grafts placed anteroproximally were an average of 12˚more vertical than the native ACL in the sagittal plane (p ¼ 0.001), whereas those placed anatomically were 3˚less vertical than the native ACL (p ¼ 0.6).
In the coronal plane (Fig. 7) , grafts placed anteroproximally were more vertical than the native ACL between 30 and 90˚of flexion (p < 0.03). Consistent with the sagittal plane, no statistically significant differences in coronal plane angle were observed between the grafts placed anatomically and the native ACL between 0 and 90˚of flexion (p > 0.3). At 60˚of flexion, the grafts placed anteroproximally were a mean of 5.4˚more vertical than the native ACL (p < 0.001), while those placed anatomically were 3.4˚less vertical than the native ACL (p ¼ 0.3). Figure 4 . MR imaging was used to create 3D models of both the femur and tibia, including the attachment sites of the ACL and graft (top left). Biplanar fluoroscopy was then used to record the motion of each subject's knees while performing a quasi-static lunge on each leg (top right). The 3D models were registered to the biplanar radiographic images to reproduce the motion of each subject's knees during activity (bottom left). From these models, both the length and orientation (in both the coronal and sagittal planes) of the ACL and graft were measured (bottom right). Reprinted with permission. 59 
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Grafts placed anteroproximally were significantly longer than the native ACL at all flexion angles (p < 0.001, Fig. 8 ). Grafts placed anatomically were significantly longer than the native ligament for all flexion angles except at 15 and 45˚(p < 0.01). Averaged across all flexion angles, the anteroproximally placed grafts were 5.6 mm longer than the native ACL, which was significantly greater than the difference of 2.1 mm for the anatomic group (p < 0.001).
These results indicate that grafts placed anteroproximally on the femur result in grafts that are longer and oriented more vertically in both the sagittal and coronal planes than the native ACL. The anatomic grafts (placed near the center of the femoral ACL footprint) more closely restored native ACL length and orientation. These findings are important because a vertically-oriented graft is unlikely to restore the force vector of the native ACL, as this orientation is inefficient in restraining motion in the transverse plane, and therefore is unlikely to constrain the increases in anterior translation, medial translation, and internal rotation that are observed with ACL deficiency.
26,27
Effects of Femoral Graft Placement on In Vivo Knee Kinematics 63
Having demonstrated that the reconstruction affects graft placement, 49 subsequently altering graft length and orientation, 59 our next step was to determine if graft function would alter knee kinematics. Our hypothesis was that since anatomically placed grafts more closely mimicked native ACL deformation during flexion (compared to the longer and more vertical grafts placed anteroproximally on the femur), the anatomic reconstruction would more closely restore normal knee kinematics.
We quantified in vivo knee kinematics of the same 22 patients from our study of in vivo graft deformation (Section "Effects of Femoral Graft Placement on In Vivo Graft Deformation"). 59 Kinematics of both the native and reconstructed knee were measured using the models that reproduced the in vivo motion of each subject's knees during the lunge. Coordinate systems were created simultaneously on the injured and healthy knees by aligning the models using an iterative closest point technique. 26, 49, 57 Anterior-posterior translation, medial-lateral translation, and internalexternal rotation of the tibia relative to the femur were measured in these models. 26 To directly compare the ability of a reconstruction to restore each patient's normal knee function, the relative differences between the reconstructed and uninjured contralateral knees were calculated.
Patients with anteroproximal graft placement on the femur had increased anterior tibial translation in the reconstructed knee relative to the contralateral Figure 5 . A combination of 3D modeling, MR imaging, and biplanar fluoroscopy were used to quantify the length and orientation of the native ACL and grafts placed anatomically (top) and anteroproximally (bottom) on the femur, as demonstrated in two subjects during in vivo weight bearing. In the sagittal plane, anatomic placement resulted in a graft that more closely restored the orientation of the native ACL, while the anteroproximal grafts resulted in a graft oriented more vertically than the native ACL. Reprinted with permission. 0.03, Fig. 9 ). The maximum increase in translation occurred at 30˚of flexion, with a mean increase of 3.4 mm relative to the contralateral knee (p ¼ 0.003). Patients with anatomic placement, however, showed no differences in anterior tibial translation between the reconstructed and contralateral sides at any flexion angle (p > 0.32).
Patients with anteroproximal graft placement on the femur also had increased medial tibial translation in the reconstructed knee relative to the uninjured knee between 0 and 75˚of flexion (p < 0.05, Fig. 10 ). The maximum increase in translation occurred at 15o f flexion, with a mean increase of 1.1 mm relative to the contralateral knee (p ¼ 0.005). Patients with anatomic placement showed no differences in medial tibial translation between the reconstructed and contralateral knees at any flexion angle (p > 0.21).
Additionally, patients with anteroproximal graft placement had increased internal tibial rotation in the reconstructed knee relative to the contralateral side between 0 and 60˚(p < 0.04, Fig. 11 ). The maximum increase in rotation occurred at 30˚of flexion, where a mean increase of 3.5˚of internal rotation was detected (p ¼ 0.01). Patients with anatomic placement showed no differences between the reconstructed and contralateral sides at any flexion angle (p > 0. 19) .
The altered kinematics observed in patients with non-anatomically placed grafts are consistent with our findings on graft deformation. 59 Grafts placed anteroproximally are oriented more vertically and are unlikely to provide sufficient restraint to motions in the transverse plane. Therefore, increased anterior and medial translation and internal rotation are likely to be observed with grafts placed anteroproximally. This is consistent with previous reports of increased anterior translation, medial translation, and internal rotation in patients with ACL deficiency. 4, 26, 27, 35 In contrast, the more oblique grafts, placed anatomically, more closely reproduced normal knee motion. These results suggest that anatomic placement of the graft on the femur during ACL reconstruction is critical to restoring normal knee motion, which is important because abnormal knee motion has been thought to contribute to the degenerative changes observed after ACL injury. 4, 26, 27, 64, 65 Effects of Femoral Graft Placement on Cartilage Thickness 66 Our results have shown that grafts placed anatomically more closely reproduce the orientation and length of the native ACL during in vivo knee function 59 and as a result, better restore normal knee motion. 63 On the other hand, grafts placed anteroproximally are in a more vertical orientation and do not provide sufficient restraint to transverse plane motions. Such an orientation could explain the increased anterior Figure 8 . With regard to length, anteroproximal grafts (top left) were longer than the native ACL at all flexion angles (mean and 95% confidence intervals). Anatomic grafts (top right) were also longer than the native ACL. However, when the difference in length from the native ACL was averaged across all flexion angles, anteroproximal grafts were longer compared to the anatomic grafts (bottom). ( Ã p < 0.05.) Reprinted with permission. 59 translation, medial translation, and internal rotation seen in these patients and those with ACL deficiencies. 26, 63 These results are important because altered joint kinematics potentially elicit changes in cartilage loading, and could predispose the knee to degenerative changes. 26, 27, 64, 65, 67 In ACL deficient knees, cartilage contact in the medial compartment is shifted towards the medial tibial spine, a region where degeneration is observed in patients.
5,26,27,67-70 Therefore, we analyzed cartilage thickness in the corresponding region on the femur to quantify the effects of graft placement on cartilage thickness in this region.
The same twenty-two subjects from the previous studies (Sections "Effects of Femoral Graft Placement on In Vivo Graft Deformation" and "Effects of Femoral Graft Placement on In Vivo Knee Kinematics") were analyzed. In addition, the normal side-to-side variation of cartilage thickness in ten male control subjects (mean age: 30 years) without history of knee injury was evaluated.
After a 30-minute period of non-weight bearing, 71 sagittal MR images were acquired using the same sequences as previously described (Sections "In Vivo Measurement of ACL Graft Placement on the Femur" and "Effects of Femoral Graft Placement on In Vivo Graft Deformation"). In addition to the bony geometry, these images were used to generate 3D models of the articular cartilage surfaces. [72] [73] [74] To measure changes in cartilage thickness relative to the same points in both knees, an iterative closest point technique 49, 59, 63 was used to align the 3D bone models of the native and reconstructed knees with each other. This MR imaging and 3D modeling technique has been previously validated, 67 with a coefficient of repeatability in measuring cartilage thickness of 0.03 mm. 75 In the present study, three sampling points along the lateral aspect of the medial femoral condyle were selected for analysis (Fig. 12) . Thickness measurements were performed by averaging cartilage thickness at each vertex on the model within a 2.5 mm radius of the sampling point. The side-to-side differences in cartilage thickness in each patient group were compared.
In the anteroproximal graft placement group, cartilage thickness along the lateral aspect of the medial condyle of the reconstructed knee decreased by 8% compared to that of the contralateral knee with a native ACL (p ¼ 0.02). In the anatomic group, no statistically significant side-to-side differences were observed between the reconstructed and native knees, with a mean difference of 1%. In the ten normal control subjects with healthy knees, no statistical differences were observed in the thickness of left versus right knees in the same regions, with a mean difference of 2%.
In conclusion, the minimal variation in side-to-side cartilage thickness in the normal subjects suggests that the contralateral knee is an appropriate control for these measurements. Additionally, the anatomic graft placement group did not experience significant cartilage thinning, suggesting that restoring normal knee motion might be protective of cartilage health. Finally, abnormal motion resulting from anteroproximal graft placement on the femur potentially alters Figure 11 . The increase in internal tibial rotation of the reconstructed knee relative to the contralateral native knee was measured as a function of flexion (mean and 95% confidence intervals). Zero denotes an internal tibial rotation of the reconstructed knee that exactly mimicked the motion of the native knee. Patients with grafts placed anteroproximally on the femur had increased internal tibial rotation relative to the native knee between 0 and 60˚of flexion, while the anatomically placed grafts more closely restored internal tibial rotation. 1166 DEFRATE normal cartilage loading patterns. 26, 27, 70 Such altered cartilage loading could disrupt normal cartilage homeostasis, potentially explaining the resulting decreased cartilage thickness along the lateral aspect of the medial femoral condyle observed in patients with anteroproximal graft placement. This region is consistent with regions where joint degeneration has been observed clinically in patients with chronic ACL deficiency. 5, 76 Future work is needed to quantify changes in cartilage thickness at multiple time points before and after ACL reconstruction.
CONCLUSIONS
ACL reconstruction is a commonly performed procedure that generally has excellent clinical outcomes. Numerous long term studies, however, have questioned its ability to prevent degenerative changes compared to non-operative treatments. 3, 14, 15, [20] [21] [22] [23] [24] It has been suggested that abnormal kinematics after ACL reconstruction might be a factor predisposing the knee to these degenerative changes. 29, 33 In these studies, we examined the effects of graft placement on the restoration of normal in vivo joint function. First, we used an in vivo 3D model to measure the ability of two different reconstruction techniques to place the graft anatomically on the femur relative to the native ACL footprint. 45, 49 The transtibial technique used in this study placed the femoral tunnel near the anteroproximal border of the ACL attachment site, while the tibial tunnelindependent technique resulted in placement near the center of the ACL footprint.
Next, we showed that anatomic placement is important for restoring the normal deformation and orientation of the native ACL under in vivo loading conditions. Grafts placed anteroproximally on the femur were longer and more vertically oriented relative to the native ACL. In contrast, grafts placed near the center of the ACL footprint, via the tunnel-independent technique, mimicked the orientation and length of the native ACL. A more anatomically-placed graft would be expected to more closely restore normal joint kinematics, since it reproduces the deformation of the native ACL. A vertically-oriented graft is likely to provide insufficient restraint to motions in the transverse plane because the oblique orientation of the ACL serves an important role in restraining anterior translation, medial translation, and internal rotation of the tibia. 26, 27, 67 Our follow-up study on the effects of graft placement on in vivo knee kinematics confirmed these findings. The more vertical grafts resulting from anteroproximal placement provided insufficient restraint to anterior translation, medial translation, and internal rotation while the more anatomic placement from the tibial tunnel-independent technique resulted in grafts that mimicked the native ACL and closely reproduced normal knee motion.
These results demonstrate that achieving anatomic femoral tunnel placement more closely restores normal knee function, and provide surgeons with important clinical implications regarding joint degeneration. Recent in vivo studies of ACL deficiency have indicated that increased anterior translation, medial translation, and internal rotation elevate peak contact strains and alter contact regions within the joint, 26, 27, 67, 70 shifting contact in the medial compartment towards the medial tibial spine and medial intercondylar notch-a region where cartilage degeneration has been observed clinically in patients with ACL deficiency. 5, 26, 27, [67] [68] [69] [70] Our results suggest that a more anatomic placement of the ACL graft might reduce these elevated contact strains. Restoring normal joint contact is likely an important factor in preventing degenerative changes. 4, 64, 67, 77, 78 These data were further supported by our study on the changes in cartilage thickness between uninjured and reconstructed knees for the anatomic and anteroproximal placement groups. Patients with grafts placed anteroproximally on the femur had significantly decreased cartilage thickness along the lateral aspect of the medial femoral condyle, while anatomic graft placement maintained cartilage thickness in this same region. Overall, these findings suggest that achieving anatomic graft placement is crucial to reproducing normal knee kinematics and might slow the progression of joint degeneration following ACL reconstruction. Future studies should evaluate whether graft placement has an effect on the development of degenerative changes in the joint with long term follow-up.
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